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ABSTRACT
The ff -*• N -  f f  + N reac t ion  in the neighborhood of threshold is 
studied from a f i e l d - t h e o r e t I c a l  v iewpoint .  The e f f e c t s  of the second 
re so n a n t -s ta te  of the pion-nucleon system are  taken in to  account and a 
parameter study o f  the re ac t io n  is performed in which the v a r ia b le  
parameters are the coupling constants involved in the react ion  and the 
resonance width o f  the second re s o n a n t -s ta te .  The angular  d i s t r ib u t io n s  
and e x c i t a t i o n  func t ion  fo r  the react ion  are ca lcu la ted  fo r  various  
r e l a t i v e  magnitudes o f  the coupling constants and two valces of the 
width. A comparison between these c a lc u la te d  data and experimental  
angular d i s t r ib u t io n s  and e x c i t a t i o n  funct ions  in the neighborhood 
threshold  is suggested a t  such time as experimental data in th is  energy 
range become a v a i l a b l e .  I t  is po in ted  out tha t  th is  comparison may 
give an in d ic a t io n  o f  the importance of  the e f f e c t  of the second- 
resosant s ta te  on the rf -  N in te r a c t io n  thus suggesting the 
p o s s i b i l i t y  of strong d-wave rj — N in te r a c t io n  a t  low energy.
/CHAPTER I 
INTRODUCTION
As ts w e l l  known, the if-meson Is a member o f  the pseudoscalar  
meson o c te t  (*T,17»K,K) and ts th e re fo re  one of the most fundamental
p a r t i c l e s .  The In v e s t ig a t io n  of  the 17 -  N in t e r a c t io n  on the basis
of  f i e l d  t h e o r e t i c  techniques is intended to c o n tr ib u te  to  the know­
ledge of e lementary p a r t i c l e  In te r a c t io n s .  One of the most elementary  
processes Invo lv ing  the T) -  N in t e r a c t io n  is the react ion  n  + N -» 17 + N. 
In th is  paper we study th is  reac t io n .
We now consider which elementary processes of  the type n + N -* 17 + N 
are e x p e r im e n ta l ly  a v a i l a b le .  Two such processes are
* + + n -  tj + p ( l a )
i f  + p -  7? + n . ( lb )
Notice th a t  fo r  two p a r t i c l e  f i n a l  s ta te s  w i th  I n i t i a l  s ta tes  of  
ir+ + p and i f  + n ^ 17-mesons w i l l  not be produced due to conservation of  
charge. Reaction ( lb )  might seem to  be the most p re fe ra b le  due to the 
a v a i l a b i l i t y  of  proton ta rg e ts  but I t  has the serious drawback tha t  
two ne u tra ls  are  produced in the f i n a l  s ta te  making d e tec t ion  d i f f i c u l t .  
Reaction ( l a ) ,  on the o ther  hand, presents a problem in o b ta in in g  
neutron ta rg e ts .  This problem may be overcome by using deuteron 
ta rg e ts ,  thus
i r + D - * i 7 + p + p .  (2)
1
2The proton may be assumed to p lay  the ro le  o f  a spec ta to r  in th is  
reac t io n  since as po inted out be fore ,  ir+ + p w i l l  not produce Tj-mesons 
( t h a t  is to say ir+ + D - * ? 7 + n + p  does not conserve charge) .  In 
re a c t io n  ( 2 ) on ly  one neutrc'l is produced making de term inat ion  of  
angular  d i s t r i b u t i o n s ,  e t c . ,  p o ss ib le .  This  re ac t io n  has been 
in v e s t ig a te d  e x p e r im e n ta l ly  by Pevsner, a t  an in c id e n t  pion
momentum of  around 1200 MeV/c.
In our study we shall  be concerned w i th  the reac t io n  in the 
neighborhood of  th re s ho ld .  In th is  energy range the second resonant-
.w ,
s ta te  of  the p ion-nucleon system N ' " ( l  ■ i » M *  1512 MeV) should have
2i t s  most important  e f f e c t s  on the r e a c t io n  w h i le  the e f f e c t s  of  the  
t h i r d  r e s o n a n t -s ta te  N ( I  = M *  1688 MeV) should be n e g l i g i b l e .
Vi*
I f  the N plays an important  r o le  in th is  r e a c t io n  then i t s  e f f e c t s
i’n'- .
w i l l  show up c l e a r l y  in th is  energy reg ion .  Since the N is the d 3 
re s o n a n t -s ta te  in the pion-nucleon system, the angular  d i s t r i b u t i o n  of  
the produced r f 's  w i l l  not be is o t r o p ic  in the center-o f-m ass  system 
d e s p i te  the closeness o f  th re s ho ld .  In f a c t  c a lc u la t io n s  show th a t  
the angular  d i s t r i b u t i o n  o f  the produced TJ's in the re a c t io n  IT + N
N " r) + N j u s t  a t  resonance has a form l i k e  (1 + 3 cos2 0) , w h i le
the angular  d i s t r i b u t i o n  from the second-order p e r tu r b a t io n  terms is 
almost i s o t r o p ic .  Thus a comparison between experimenta l a n g u la r _ 
d i s t r i b u t i o n s  and c a lc u la te d  ones in the neighborhood of  resonance 
w i l l  in d ic a te  whether o r  not the e f f e c t s  of  the N "  are  im portant .  I f
the e f f e c t s  of  the N are important then the 77 -  N in t e r a c t io n  in the
neighborhood o f  threshold  is predominate ly  a d-wave in t e r a c t io n  ra th e r  
than an s- or  p-wave i n t e r a c t i o n .
3At th is  time no experimental data concerning angular  d i s t r ib u t io n s  
or e x c i t a t i o n  funct ions  in the neighborhood of threshold are a v a i l a b le .  
The work done by Pevsner, .et aj.. was a t  energies considerably  above 
threshold where the cross-sect ion  is l a r g e r ,  making measurements 
considerably  e a s ie r .  Theh since experimental data are not a v a i la b le  
in the neighborhood of  threshold ,  a parameter study of  the tr + N -• rj + N 
reac t io n  is done. In Chapter I I  we c a lc u la te  the angular d i s t r ib u t io n s  
and e x c i t a t i o n  funct ions  fo r  th is  reac t io n  assuming various r e l a t i v e  
weights o f  the p e r tu rb a t io n  processes and the e f f e c t s  of  the N We
proceed In the c a lc u la t io n  o f  the angular d i s t r ib u t io n s  and e x c i t a t i o n
&>vfunct ions In the fo l low ing  way. The N ts t rea te d  approximately  in 
terms o f  a Rari ta -Schwlnger p a r t i c l e  w i th  spin 3 / 2 .  We c a lc u la te  the 
m a tr ix  elements fo r  the Feynman diagrams corresponding to  the p e r tu r -  
bat I on expansion and fo r  the diagram of the process IT + N -* N -» 17 + N. 
The m atr ix  elements have as parameters the coupling constants fo r  each 
I n te r a c t io n  and In the l a t t e r  case, the width of  the N We combine 
these m atr ix  elements and c a lc u la te  the angular d i s t r ib u t io n s  and 
e x c i t a t i o n  funct ions In the neighborhood of  threshold fo r  various  
r a t io s  of  the coupling constants Involved in one process to the 
coupling constants involved In the o th e r .  The r e l a t i v e  weight  or  
Importance of  each of  these processes Is governed by the r e l a t i v e  
magnitude o f  the coupling constants. Thus angular d i s t r ib u t io n s  and 
e x c i t a t i o n  funct ions  are ca lc u la te d  f o r  d i f f e r e n t  r e l a t i v e  importances 
o f  each process.
We a n t ic ip a t e  in the near fu tu r e  th a t  experimental angular  
d i s t r i b u t i o n s  and the e x c i t a t i o n  funct ion  in the neighborhood of
threshold  w i l l  become a v a i l a b l e  fo r  the IT + N -• 17 + N re a c t io n .  Then 
by comparing the c a lc u la te d  angular  d i s t r i b u t i o n s  w i th  the measured 
ones, the r e l a t i v e  magnitudes o f  the coupling constants may be 
est im ated thereby in d ic a t in g  the importance o f  the N e f f e c t s .  I f  the 
N pldys an important  r o le  in the re a c t io n  then comparison of  the  
c a lc u la te d  and experimenta l  e x c i t a t i o n  func t ions  might g ive  an 
in d ic a t io n  o f  the  width  o f  the N r e s o n a n t -s ta te .
CHAPTER I I  
CALCULATION OF THE MATRIX ELEMENTS
We now consider the  Feynman diagrams which must be Included In the  
c a lc u la t io n  of  the m a t r ix  elements f o r  the re a c t io n  ir + N -* t) + N. 
F i r s t ,  we must take In t o  account the p e r tu r b a t io n  diagrams shown in 
F ig .  1. Next we consider  the e f f e c t  of  the N r e s o n a n t -s ta te .  In 
t h i s  study,  the In c id e n t  pion energy ( t o t a l  pton energy) is r e s t r i c t e d  
to  the region 460-580  MeV. The e x c i t a t i o n  energy of  the N resonant-  
s t a t e  corresponds to  a pion energy o f  4 7 0 .9  MeV In the cente r -o f -m ass  
system, thus In the  energy range considered ,  I t  may be expected th a t  
the N has I t s  most prominent e f f e c t  on ff-meson product ion .  The 
diagrams In v o lv in g  N are shown In F ig .  2 .  Of course, on ly  p ion-  
nucleon re s o n a n t -s ta te s  w i th  Is o to p lc  spin £ must be considered In 
t h i s  c a l c u l a t i o n  s ince the  Is o to p lc  spin o f  the f i n a l  s ta te  (17 + N) is 
£ .  Although th e re  are  o ther  r e s o n a n t -s ta te s  w i th  I *  £  they have no 
la rg e  e f f e c t  on the re a c t io n  in th is  energy re g io n .^  There are  many 
re s o n a n t -s ta te s  in the meson f a m i ly  which have been w e l l  e s ta b l is h e d .  
However, there  ts no need to  take any o f  these In to  account as w i l l  
be shown below. Let  us consider the diagrams In vo lv ing  the exchange 
of a ff, ox p » f , or  0  ( c f .  F ig .  3 ) .
1) The ir^meson exchange: The ff-meson Is a 1(0 **) meson, where
PGthe n o ta t io n  | ( J  ) means is o to p lc  spin  « I ,  spin -  J ,  p a r i t y  -  P,
G - p a r i t y  ■ G. The 17-meson is  a 0 (0~ + ) meson. Thus the re  is no
6(a) (b)
F i g .  I .  The P e r t u r b a t io n  Diagrams.
N(a)
N
(b)
Fig .  2. The ^ ag ram s fo r  the Case In Which the E f fe c t  
of N is Taken in to  Account.
F ig .  3. The Meson Exchange Diagram.
9ff -  ff -  t) i n t e r a c t io n  due to the conservat ion of  angular  momentum and 
par i  t y .
2) The u)-meson exchange: The go- meson is a 0(1 ) meson, thus
Tf-mesons cannot be produced through one co-meson exchange in the 
r e a c t io n  it  + N -* 17 + N due to  conservat ion of  is o to p lc  sp in .
3) The p-meson exchange: The p-meson is a 1(1 h) meson, thus 
f^mesons cannot be produced fhrough one p-meson exchange in the re a c t io n  
ff + N -• TJ + N due to conservat ion  o f  G - p a r i t y .
4) The f-meson exchange: The f-meson is .a 0 (2  ) meson, thus
17-mesons are  not produced in the ff + N -* 17 + N re a c t io n  f o r  the same 
reason as in 3 ) .
5) The fp-meson exchange: The ^>-meson is a 0 ( J ) meson, thus 
^•mesons cannot be produced in the ff + N -» rj + N r e a c t io n  f o r  the same 
reason as in 2 ) .
We then see, as s ta te d  above, th a t  none o f  these one-meson exchange 
diagrams represent  an a l lo w a b le  mode f o r  the r e a c t io n .
From the above d iscussion we see th a t  o n ly  the diagrams shown tn 
F ig s ,  (1) and (2 )  must be considered w i t h i n  the meaning of  the lowest  
order  coupl ing constants in order  to c a l c u l a t e  the m a tr ix  elements fo r  
the re a c t io n  ir + N -* 17 + N. We begin by c a lc u la t in g  the m a t r ix  elements  
corresponding to  the p e r t u r b a t io n  diagrams. Assuming pseudoscalar  
coupling between the pseudoscalar f i e l d s  and the spin £ f i e l d ,  the  
i n t e r a c t io n  Hamiltonians fo r  the ?j -  N and ff -  N i n t e r a c t io n s  are  
given by
V  V  t C
( 3)
h« n -  9f f ’r r a (“ -  ' - 2-3>
10
where g -  coup l ing  constant  f o r  the p ion-nuc leon  i n t e r a c t i o n .IT
» c oup l ing  constant  f o r  the 17-nuc leon i n t e r a c t i o n .
¥ ■ f i e l d  o p e ra to r  asso c ia ted  w i th  the  nucleon f i e l d ,
0  -  f i e l d  o p e ra to r  a s so c ia ted  w i th  the p ion f i e l d .
£ ■ f i e l d  o p e ra to r  asso c ia ted  w i th  the t^meson f i e l d .
Using the usual ru le s  f o r  Feynman diagrams, the m a t r i x  elements  
corresponding to  the diagrams shown In F ig s .  ( l a )  and (1b) a re  given  
by and Rfa r e s p e c t i v e l y  where
* * J q
R .  1-----------------------+ p .  F .  q)Y(F)    Y (l)e(P )C *(q) (*♦«)
*  . Z ^ f f ) 8  ( I  + P) 8 + it?
t. -  - — 64 ( | + p -  F -  q )¥ (F )  ---------L z M l   ¥ ( l ) ^ ( P ) C * <
2s ( 2 ff) 8 ( I  -  q) 8 + u?
I -  fo u r  momentum o f  the in c id e n t  nucleon.
F ■ f o u r  momentum o f  the  outgoing nucleon.
P ■ fo u r  momentum o f  the  In c id e n t  p io n .
q *  fo u r  momentum o f  the outgoing 17-meson,
m -  the mess o f  the  nucleon.
These m a t r i x  elements must l a t e r  be combined w i t h  t h a t  asso c ia ted  w i th  
the N resonance c o n t r ib u t io n  to  c a l c u l a t e  the d i f f e r e n t i a l  c ross-  
s e c t io n  f o r  T^meson p ro d u c t io n .
Next we consider  the  e f f e c t s  o f  the N . Since the 17-meson !s a 
0 ( 0  ) meson, and the N Is  the  d |  r e s o n a n t - s t a t e  in the  p ion -nu c leon
system, the i n t e r a c t i o n  H am i l ton ians  f o r  the  ff -  N -  N and 17 -  N -  N 
systems are  g iven  by
g a<i>
W * *  JT *  Aly' V  + CO"j ' <5a>
V h * * ‘  ^  *  Ai>fc Y + ccmp' “ nJ ■ <5b>
where f i -  mass of the pion.
n\^» mass of the 17-meson.
•kit
G ■ coupling constant fo r  the ir-N-N in te ra c t io n ,  
ff
* *
G^“ coupling constant fo r  the ty-N-N In te ra c t io n .
^  f i e l d  operator  associated w i th  the N f i e l d .
v—v
The N is considered to be described approximately in terms of  
a Rarita-Schwinger p a r t i c l e  w i th  spin 3 /2 .  Then the propagation
in'( i|
funct ion  o f  the N Is given by
5(1 + + p ) ' M)
+ 2 / 3 (1  + p) ( l y ( l  + P ) ) ( l  + p) -  V 3 M ( l  + P) ( i + P)
P® R®
- t / 3 H [ ( i  + p) ( i y ( i  + P ) ) ^  + v M( i y ( i  + P ) ) d  + p ) ^
^ ( | ( l  + p) 3 + H3 ) [ y ^ ( I  + P)^ + ( l  + ? ) g v  + iyM< iy ( i  ♦ P) + M)y^])  ( 6 )
Vr>Vwhere M is the mass of the N" , and ( I + P) i t s  four momentum.
Since the m atr ix  elements corresponding to  F ig. 2b are n e g l ig ib le  
compared to those o f  F ig .  2a , we take in to  account only  the 
l a t t e r .  Making use of Eqs. (5) and ( 6 ) the m atr ix  elements R^  ^
corresponding to F ig .  2a are given by —
12
* , , ■  "  ~ F ~ ^ (ARi ♦  BRs) ( 7 )
1 1 2 * (2 i r )s ( I  + P)s + M8
where A ■ [ ( I P )  -  (FP) -  m)
+ 2m/3K8 [ 2 (  IP) -  ( I F )  - (F P )  -  n? - j /  ] ( * ?  -  ( I P ) )
+ V 3 H [ 2 ( I P )  -  ( I F )  -  (FP) -  n? - * / * ] ( <  IP) -  / / ) (8)
-  1 /3M[2(  IP) -  ( I F )  -  (FP) -  it?  -  jbf ] ( 2 ( l P )  -  t f )
+ 1 / 3 M [ ^  -  2 ( I P ) ] [ ( I P )  -  t ? ]  -  ^  [ - | ( l  + P)a + M ? ] [2 ( IP )  -  (j? ](M -  m)
M8 J
B -  m[( IP) -  (FP) -  + n ? /3 M [ ( IP )  -
+ m [2 ( IP )  -  ( I F )  -  (FP) - it?  -  j / ] [ l / 3 H ( | ( ( I P )  -  jL ? ) + 1)
( 9 )
-  1/M8 ( 2 / 3 ( 2 ( I P )  - « ? - # / * )  + M8 ) ]
-  m /M ® [2 /3 (2 ( lP )  -  n? -  / / )  + M®][2m(m -M) -  ( I P ) ]
R i - T ( F ) Y ( I )  ( 1 0 )
8b -  Y(F)-!2 £ y ( I ) ,  ( I I )
end the no ta t ion  ( IP )  means L I P  Note that  a l l  the m atr ix
i - 1  ' 1
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elements can be expressed in terms o f  Rx and 1^. We now have 
obta ined the m a t r ix  elements R | ( *  Ra+ and R^   ^ which must be 
combined in order  to  c a lc u la t e  the c ro s s -s e c t io n  f o r  17-meson product ion .  
The m a t r ix  e lement,  R, f o r  the r e a c t io n  ir + N -  17 + N in the  
neighborhood o f  threshold  can be expressed as fo l low s
where
R, + R, , (12)
- 19 _ 9  m 6 ( 1  + P -  F -  q) Re Re
u  O --------------------------------------- [  ]  (13)
' 2a (2 ir)a ( I  + P)a + nf ( I  -  q)a + n?
IG G__ ARX + BRe
R . ,  2 - 3 --------------[----------------------------] ,  (!<*)
2®(2ir)a y m^ (1 + P)a + M3
In  the expression f o r  R^   ^ (Eq. ( 1 4 ) )  we observe th a t  a t  j u s t  
resonance energy the denominator ( I  + P)a + M8 becomes zero .  In  
order  to  c o r r e c t l y  e s t im ate  R j j  in the neighborhood of  resonance,  
the w id th  r  o f  the  H must be taken In to  account,  by modlf lng  
the denominator. The denominator o f  Eq. (14)  can be expressed as
( I  + (>)* + M* -  ^  -  E* (15)
where ER -  M, the t o t q l  energy a t  resonance and E ■ /^ a  + ^
+ i t  , the tota l"  energy o f  the c o l l i d i n g  system. Comparing 
the r i g h t  hand s ide o f  Eq, ( 1 5 ) w i th  the  denominator o f  the  B r e i t -  
Wtgner o n e - le v e l  formula^ we see t h a t  the  w id th  may be Introduced  
phenomenological1y In  the  fo l lo w in g  way
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E* -  E8 -  (Er  + E )(ER -  E) -  (ER + E ) (ER -  E -  iT /2 )  {16 )
The In t ro duct ion  o f  the w idth in th is  manner Is more s a t i s f a c t o r y
fo r  our purpose since a th e o r e t ic a l  es t im ate  of the width using
the damping theory  would Involve  many unknown coupling constants .^
The in t ro d u c t io n  of  Eq. (16)  in to  Eq. (14) gives
iG G ARX + BRq
R| ■ '  ■ 0 7 )
In the c a lc u la t io n  o f  the c ross-sec t  ion we w i l l  req u ire  the
q u a n t l t y  | R | 8 . Then from Eq. (12)
| R | 8 -  | A, I 8  + | Rn  l a + R( R*, + Rm R* (18)
where Rj is given by Eq. ( 1 3 )  and R| (  by Eq. ( 1 7 ) .  Next we must
average | R | 8 over the i n i t a l  spin s ta te s  and sum | R ( 8 over the  
f i n a l  spin s ta te s .  In d ic a t in g  by £ E |  R | 8  the q u a n t i ty  | R | 8 
summed and averaged we f in d
irl R|*-is| R, |a ♦ isl R,| |* + i«R,R* + R,,R*) (19)
. R | ir| Ia iZXRfta + H.Ri)
1 M a r ) ’  ( ( I  + P)* + « f ) a ’  ( ( I  + P ) * « * ) ( ( l  -  q)
iSlvl*
• ] (20 )
( ( I  -  q)» + n f ) 1
a+t?)
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q3 q3
( j S |  f>x I 3 )  +  A B ( j S ( l ^ * . - H ^ R i ) )  +  s ’ t t f  | 8 ,  I a ) ^
"  M 2 ir )V " ? , (ER + E)a ((E R -  E)a + r aA )
g g G G E_-E
iZXR.R,. + R . . R * ) ----------------“*  a ^ [ l / H,  -  l / f e ]
' "  "  ' M 21T)SM " \ ,
• [A (« S |£ r i ) + B (iS | R, | a ) ]  (22)
where D, -  ( E R + E ) [ ( E R -  E)a +  r 9 A ]  ( 2 3 )
Db -  ( I  + P)a + ni3 .. (2k)
*  ( I  -  q)a + nP • (25)
The q u a n t i t i e s  R R In Eq$. (20 )  , £ 2 1 ) ,  end ( 22) are  given by
iE |  Ri | a-  2 (rf -  ( IF ) )  (26)
iE  R?f|, -  i£  R?Ri -  2 ((IP ) + (FP)) (27)
i E |  R. | a-  2 /n f[2 (IP )(F P ) + ( /(n ?  + ( IF ) ) ]  . (28)
We can now express the d i f f e r e n t i a l  c ro s s -s e c t io n  f o r  the  
product ion  o f  17-mesons by the processes discussed above using the
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r e l a t i o n
t o .  W  1 4 1  M l  R | » ) ____
1 p 1 (yF ~ T r f  + / t a + 1? ) 3
where P -  th re e  momentum of  the  in c id e n t  p ion.
q ■ th r e e  momentum o f  the  o u t -g o in g  ff-meson.
The t o t a l  c r o s s -s e c t io n  is *  o f  course* g iven  by
/ ( - a S 1* 1 • <30>
A study o f  th e  a ngu la r  d i s t r i b u t i o n .  and the e x c i t a t i o n  f u n c t i o n ,  
O^E^), g ive s  the  in fo rm a t io n  necessary in  s tud ing  ff-meson pro d u c t io n  
in  p io n -n u c le o n  c o l l i s i o n s .
CHAPTER I I I  
RESULTS AND CONCLUSIONS
In the above d iscussion 1% Is  seen t h a t  the angular  d i s t r i b u t i o n ,
and the e x c i t a t i o n  fu n c t io n ,  ct( E ^ ) , can be obta ined e x p l i c i t l y
i f  the va lues of  G G . g g . M, and T  are  known. The w id th  has beenff Tf ff T)
determined e x p e r im e n ta l ly  In a t  l e a s t  two experiments .  The e a r l i e r
7 - &&
experiment In d ic a te d  the w id th  o f  the N to  be about 60 MeV w h i le
8
the more recent  experiment in d ic a te d  the w id th  to  be about 130 MeV. 
Although the l a t t e r  may be more r e l i a b l e  than the former we have done 
a l l  c a lc u la t io n s  o f  the  angular  d i s t r i b u t i o n s  and e x c i t a t i o n  func t ions
f o r  both r -  60 MeV and r *  120 MeV in order  to  study both cases. The
VWfc Q
mass o f  the N is taken t o  be 1512 MeV as In d ic a te d  by experiment.
The va lues o f  the q u a n t i t i e s  G G and g g , however, are  not known toir rj
any degree of  accuracy. I t  is  t h e r e fo r e  necessary to  consider these  
q u a n t i t i e s  as parameters and perform a parameter study of  and O^E^) 
to  see how these fu n c t io n s  behave as the parameters are  v a r ie d .  The 
fu n c t  i ons
dcr/dO and
(G^Aff)  (G^Aff)  ( G ^ /% )  ( G ^ /% )
or  ------------------   and
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are c a lc u la te d  depending on which i$ more s u i ta b le .
The r e s u l ts  o f  these c a lc u la t io n s  are  shown in F igs .  4 through 19. 
Figs .  through 11 show the angular d i s t r i b u t i o n s  j u s t  a t  the N 
resonance (Eff ■ ^71 HeV) fo r  r a t io s  of G ^ G ^ g ^ ^  -  10 to  G ^ ^ / g ^ ^
■ 1 /1 0  wl th ■ 0 ,  g^g^ » 0 ,  and G ^ p ^ /g ^ ^  ■ -/TTJ i ncl uded. F ig s .
12 through 19 show the e x c i t a t i o n  funct ions  in  the energy range Eff
■ A60 HeV to  Eff -  5**0 HeV f o r  the same G j^G  ^ an<* 9^9^ va lues.  These 
re s u l ts  can be d iv ided  in to  the fo l lo w in g  f i v e  cases f o r  the purposes 
o f  discussion:
0  9^9^**  0: In th is  case the second-order p e r tu rb a t io n  processes
do not c o n t r ib u te  and the angular  d i s t r i b u t i o n  is determined by the
Jett
e f f e c t s  o f  the N re s o n a n t -s ta te .  From F ig .  10 the form of  the 
angular d i s t r i b u t i o n  is seen to  be (1 + 3 cosa 0) . The e x c i t a t i o n  
func t ion  a t  resonance is ra th e r  f l a t  and then increases sharp ly  w i th  
increasing energy as seen In F ig .  18.
tete2) 0: In th is  case the N re so n a n t -s ta te  has no e f f e c t
on the angular d i s t r i b u t i o n s  or the e x c i t a t i o n  funct ion  o f  the produced 
i j ' s ,  The angular  d i s t r i b u t i o n  is very s l i g h t l y  peaked backward as 
seen In F ig .  9 and the e x c i t a t i o n  fu n c t io n  shown in F ig .  17 r ises  j u s t
tetr
above threshold  ( a t  the N resonance energy) and then le v e ls  o f f  w i th  
increasing energy.
3 ) ®w< y  v » i  >  I :  In  F igs .  k  and 5 the angular  d i s t r ib u t io n s  
have minimum values a t  cos #  ■ 0 showing the e f f e c t  o f  the N on the  
re a c t io n .  The e x c i t a t i o n  funct ions shown in F ig s .  12 and 13 a lso  have
'fftt
steep slopes a t  energies above resonance c h a r a c t e r i s t i c  o f  the N 
e f f e c t s ?
a i
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Fig. 5. The Angular D is t r ib u t io n  of the Produced ty-Mesons at Resonance
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Fig .  6 . The Angular D is t r ib u t io n  of the Produced 17-Mesons at  Resonance
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F ig .  7. The Angular D is t r ib u t io n  of the produced Tf-Mesons at Resonance
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Fig. 9 . The Angular D is t r ib u t io n  of the produced ^-Mesons at  Resonance
for  G G = 0 .
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F ig .  15. The E x c i t a t io n  Function f o r  the Reaction tr + N -» rj + N 
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F ig .  17. The E x c i t a t io n  Function f o r  the Reaction ff + N — 17 + N 
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k) 0 <  G G / g  g s 1 : |n  t h i s  case the a ngu la r  d i s t r i b u t i o n  is
it r f  s irsrj
r a th e r  f l a t  as seen in F ig s .  6 , 7 .  and 8  showing the dominance o f  the  
p e r t u r b a t io n  e f f e c t s .  The e x c i t a t i o n  fu n c t io n s  shown in F ig s .  \ k t 15.  
and 1 6  a ls o  in d ic a t e  the  importance of the p e r t u r b a t io n  e f f e c t s  r e l a t i v e  
to the e f f e c t s  o f  the N
5> Gi r V 9»9>7 ■ - / n , :  F or t h i s  r a t i o  the angu la r  d i s t r i b u t i o n  
d is p la y s  the minimum c h a r a c t e r i s t i c  o f  the N ' e f f e c t s  as seen in 
F i g .  11. The a ngu la r  d i s t r i b u t i o n  a t  resonance has the same shape as 
f o r  the case o f  G^G /g ^g ^  = /TO . However, a t  h ig h e r  energ ies  the  
angu lar  d i s t r i b u t i o n s  a r e  not the same s ince  the in t e r f e r e n c e  terms 
have d i f f e r e n t  signs in the two cases, as seen in F ig .  20. Of course,  
the e x c i t a t i o n  fu n c t io n s  are  a ls o  d i f f e r e n t  f o r  these two cases.
F ig .  19 shows the e x c i t a t i o n  f u n c t io n  f o r  GffG^/gffg^ » - /T O . Comparing 
th is  curve w i th  F i g .  13 showing the e x c i t a t i o n  f u n c t io n  f o r  G^G^/q^q^
= / T O ,  we see t h a t  t h e  e x c i t a t i o n  f u n c t i o n  f o r  GJS / g _ g „  “ -/TO r i s e s
IT  T f  Tr T)
more s h a rp ly  w i t h  in cre a s ing  energy than f o r  the case o f  GjG /g _ g _IT  T) IT  r j
-  /TO.
When exper im enta l  curves o f  the angu lar  d i s t r i b u t i o n s  and the
e x c i t a t i o n  fu n c t io n  in the neighborhood of  th re s h o ld  become a v a i l a b l e
f o r  the  ir + N -» rj + N r e a c t i o n ,  comparison o f  these experimenta l  data
w i t h  the  c a lc u la t e d  da ta  above w i l l  y i e l d  in fo rm a t io n  concerning the
7) -  N i n t e r a c t i o n .  These comparisons may be made in the f o l lo w in g  way.
The c a lc u la t e d  angu la r  d i s t r i b u t i o n s  f o r  the var ious  G_G / g  g r a t i o s
3 V  7 f  * l T * r i
may be f i t t e d  to  curves o f  the form Ax ( E) + B jfE )  cos 0 + C ! (E )co s s 0
where the c o e f f i c i e n t s  A1 ( E ) ,  [ ^ ( E ) ,  and C i (E )  depend on the in c id e n t  
pi on energy and the r a t i o  G^jG^/g^g^. I t  is then expected t h a t  i t  w i l l
d
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be poss ib le  to f i t  the experimental angular  d i s t r i b u t i o n s  in the 
neighborhood o f  resonance to curves o f  the same form w i th  c o e f f i c i e n t s  
A ( E ) , B(E) , and C ( E ) , Now i f  the r e la t io n s
A (E ) /C (E )  -  Ai ( E ) /C x ( E) (31)
B (E ) /C (E )  -  B x t E V M E )  (32)
hold f o r  each value o f  E, the plon energy,  f o r  some set  o f  c o e f f i c i e n t s  
A x (E ) ,  Bx(E ) ,  and C j(E )  corresponding to some predetermined G^P^^/g^g^ 
r a t i o  then the va lue  o f  G^G /a ^ q ^  is  determined. I f  no set  o f  c o e f f i ­
c ie n ts  AX( E ) ,  BX( E ) ,  and C i (E )  s a t i s f y  Eqs. (31)  and (32) then the
proper G^G^g^g^ r a t i o  may not be included in the c a lc u la te d  d a ta .  In 
th is  event the r a t i o s  Ax(ER) / C x ( E R) and Bx (ER)/Cx (ER) may be p l o t t e d
as func t ions  o f  the G G /g  g„ r a t i o s  where E_ in d ic a te s  the energy a ttr 7f *T Tf R
resonance. Then by comparing these two curves w i th  the r a t i o s  
A(E^) /C(E^)  and B(E^) /C(E^) i t  can be determined i f  the re  e x is t s  any 
r a t i o  G_G_/g_g_ f o r  which Eqs, (31) and (32) hold w i th  E ■ E_, ThenIf 7/ 1» TJ K
i f  Eqs. (31) and (32) do hold f o r  the same GffG^/gffg^ r a t i o  the angular  
d i s t r i b u t i o n s  and e x c i t a t i o n  fu n c t io n  may be c a lc u la te d  f o r  tha t  
p a r t i c u l a r  va lue of  G^G^/g^g^ , From these data  i t  can be determined  
whether or  not Eqs. (31) and (32) hold f o r  several values o f  the  
in c id e n t  pion energy in the neighborhood of  resonance. I f  they do hold 
then the r a t i o  G^jG^/g^g^ is determined.
I f  the r a t i o  G^JG^/g^g^ can be determined by the above methods, 
th is  means tha t  the experimental angu lar  d i s t r i b u t i o n s  can be described  
in terms o f  a s in g le  parameter GffG^/g^g^ independent o f  energy in the  
neighborhood o f  th resho ld .  In o th e r  words, the re a c t io n  tr -*■ N 17 + N 
can be described we l l  by means o f  the p e r tu r b a t io n  theory i f  Only the
e f f e c t s  o f  N are taken in to  account. I f  the r a t i o  G G / g  g cannot
V  T f  I T T )
be determined, th is  means th a t  the a n a ly s is  is incomplete and that  some 
higher  order  e f f e c t s  should be considered.
Assuming a r a t i o  G G /g  g„ can be determined by the above procedure,*r 77 fl7 r
then we shal l  be a b le  to e s t im ate  the values of  the products G G and
g3 g3 Ga Ga ff ^
gffg^ by comparing cr/ ( j f y  (^3)  (o r  a /  (7^  ) w i th  the observed values
of  the t o t a l  c r o s s -s e c t io n .  Of course, the width  of  the N ' can best  
be determined from pton-nucleon s c a t t e r in g  or  photo-meson product ion  
experiments. I t  should be noted, however, th a t  the shape o f  the c a l ­
c u la te d  e x c i t a t i o n  fu n c t io n s  f o r  the ff + N 77 + N r e a c t io n  in the cases 
in which the N p lays  an important  r o le  depend, to some e x t e n t ,  on the  
value o f  the w id th .  Thus i t  might be p o s s ib le  to get an in d ic a t io n  o f  
which value o f  T  (60 MeV or  120 MeV) is b e t t e r  from comparison of  
c a lc u la te d  and experimental e x c i t a t i o n  fu n c t io n s .
From the above discussions i t  can be seen th a t  when experimental  
angular  d i s t r i b u t i o n s  and the e x c i t a t i o n  fu n c t io n  fo r  the re ac t io n  
T T + N - * ? 7 + N  in the neighborhood of th resho ld  become a v a i l a b l e ,  by 
comparing these data w i t h  the above c a lc u la te d  data the r e l a t i v e  
importance o f  the N" re s o n a n t -s ta te  in“"this re a c t io n  may be est imated  
and thus the s ig n i f ic a n c e  o f  the d-wave c o n t r ib u t io n  to the tj -  N 
i n t e r a c t i o n  may be assessed. F u r th e r ,  the r e l a t i v e  values o f  the  
coupling constants involved may be est im ated  and an in d ic a t io n  of  
which value o f  the w id th  is  b e t t e r  may be ob ta ined .
A d d i t io n a l  in fo rm at io n  may be obta ined concerning the rj -  N 
i n t e r a c t io n  by comparing the in form at ion  which may be deduced from the 
above a n a ly s is  w i th  in form at ion  from a s i m i l a r  a n a ly s is  o f  the
39
y  + p -  i )  +  p r e a c t io n .  Th is  process has been s tud ied  in another
paper ^  and in  t h a t  study the c a l c u l a t i o n s  were param eter ized  in much
the same way as the above c a l c u l a t i o n s .  The parameters invo lved in the
c a l c u l a t i o n s  f o r  the  y  + p — Tf + p r e a c t io n  are  9^* an<* r» where
G^, g ^ ,  and T a r e  as d e f in e d  above and is  the coup l ing  constant  f o r
the y  -  N -  N v e r t e x .  Since G , g , and f a r e  the same in  both
V V
processes ,  comparison of  the r e s u l t s  o f  the  a n a ly s is  o f  the experimen­
t a l  d a ta  in  these  two re a c t io n s  should y i e l d  a d d i t i o n a l  in fo r m a t io n .
At t h i s  t ime no exper im enta l  a ngu la r  d i s t r i b u t i o n s  or  e x c i t a t i o n  
fu n c t io n s  a r e  a v a i l a b l e  f o r  the  y  + p -» tf + p r e a c t io n  in the neigh­
borhood o f  th r e s h o ld .  Assuming t h i s  in fo rm a t io n  becomes a v a i l a b l e  in  
the n e a r  f u t u r e  an a n a ly s is  may be made o f  t h i s  da ta  in the same 
manner as d iscussed above f o r  the ff + N -♦ 77 + N r e a c t io n .  And in a 
s i m i l a r  manner the  r e s u l t s  o f  t h i s  a n a ly s is  should y i e l d  va lues o f  the  
r a t i o  G G / g  e and p o s s ib ly  some in d i c a t i o n  o f  the b e t t e r  va lue  o f  F.y n *1
Then combining these r e s u l t s
T •!
or
W V
known constant
V Gy -  < known c o n s t a n t ) - ( g ^ / e ) .
Thus the  r a t i o  can be found. i t  w i l l  be o f  phys ica l  i n t e r e s t  to
see i f  v«v >  1 as I t  should be.
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